Shallow-water airgun survey activities off the North Slope of Alaska generate impulsive sounds that are the focus of much regulatory attention. Reverberation from repetitive airgun shots, however, can also increase background noise levels, which can decrease the detection range of nearby passive acoustic monitoring (PAM) systems. Typical acoustic metrics for impulsive signals provide no quantitative information about reverberation or its relative effect on the ambient acoustic environment. Here, two conservative metrics are defined for quantifying reverberation: a minimum level metric measures reverberation levels that exist between airgun pulse arrivals, while a reverberation metric estimates the relative magnitude of reverberation vs expected ambient levels in the hypothetical absence of airgun activity, using satellite-measured wind data. The metrics are applied to acoustic data measured by autonomous recorders in the Alaskan Beaufort Sea in 2008 and demonstrate how seismic surveys can increase the background noise over natural ambient levels by 30-45 dB within 1 km of the activity, by 10-25 dB within 15 km of the activity, and by a few dB at 128 km range. These results suggest that shallow-water reverberation would reduce the performance of nearby PAM systems when monitoring for marine mammals within a few kilometers of shallow-water seismic surveys.
I. INTRODUCTION
The Beaufort Sea borders the Alaskan North Slope along a 340 km swath of northern Alaska. The continental shelf along this coast is relatively narrow, between 60 and 120 km. Its depth can reach a few hundred meters, but in this paper a "shallow-water environment" will refer to continental shelf water depths of 50 m or less. The Beaufort Sea, along with the adjacent Chukchi Sea, is home to a variety of whales, seals and other marine mammals that may be sensitive to the sounds of increasing industrial activities in the area.
During the ice-free months of 2006-2009 multiple overlapping anthropogenic activities by several independent companies and government agencies were conducted in this region. Of particular concern to regulators are sounds originating from seismic airgun surveys (Barger and Hamblen, 1980; Greene and Richardson, 1988) . Quantifying the potential long-term impacts of these surveys on the viability of marine mammal populations faces numerous challenges, beginning with the problem of defining the relevant measurement metrics. Some consensus is emerging about metrics of impulsive signals that are appropriate in terms of estimating auditory injury to animals (Madsen, 2005; Southall et al., 2007; Kastak et al., 2005) . These measurements include peak-to-peak amplitude, root-mean-square (rms) amplitude, and sound exposure (SE) (Urick, 1983; Madsen, 2005) . Limited laboratory data on marine mammal hearing, reviewed in Southall et al. (2007) , suggest that sound exposure level (SEL) in particular, may be a biologically relevant metric for predicting the degree of temporary and permanent threshold shift in individuals exposed to high-intensity sounds; however, there has been little research on the long-term impacts of chronic acoustic exposure on marine mammal populations, nor are there formal regulations for quantifying communication masking effects in marine mammals.
In shallow-water environments additional factors arise when characterizing the sounds from a seismic airgun survey. In shallow water no direct path exists between the airgun source and a receiver; instead, the pulse energy arrives as a series of multipath (normal mode) arrivals, each with a different arrival time at the receiver. Due to frequency-dependent geometric dispersion effects, the time-dependent frequency structure and duration of each modal multipath arrival changes, complicating attempts to estimate the biologically relevant sound exposure. A portion of the pulse energy also travels through the ocean floor and re-emerges into the water column as a head wave, which can provide a significant fraction of the total signal energy below 50 Hz.
Yet another consequence of shallow-water propagation is the substantial reverberation that follows all modal arrivals. As the pulse propagates through shallow water, it interacts multiple a) Author to whom correspondence should be addressed. Electronic mail:
melania@mpl.ucsd.edu times with the ocean surface, bottom, and substrate, scattering energy incoherently throughout the water column in the form of reverberation. Although the received levels of reverberation are generally lower than peak or rms measurements of the coherent arrivals, they can be greater than natural ambient noise levels. Reverberation can persist over timescales much longer than the duration of the dispersed coherent arrivals, even persisting until the start of the next seismic airgun shot. Thus, seismic airgun reverberation can continuously elevate the background noise field during a survey, even during times between airgun shots. In general, modeling or predicting reverberation is difficult; reverberation characteristics are highly dependent on the local bathymetry and propagation environment. The presence of reverberation in shallow water has two important consequences when trying to understand the potential impact of seismic airgun activities on marine mammals. First, the elevated background noise levels arising from reverberation would be expected to reduce the range at which passive acoustic monitoring (PAM) systems could detect and localize marine mammal sounds near shallow-water seismic airgun activities. Second, seismic airgun reverberation may reduce the "communication space" between animals like the bowhead whale, and thereby impact quantitative estimates of information masking (Richardson et al., 1986; Clark et al., 2009; Di Iorio and Clark, 2009 ). Thus simple metrics are desired to quantify how reverberation increases background noise above ambient levels in shallow water. This paper defines two metrics: a minimum level metric (MLM) and a reverberation metric (RM). The former simply reports the minimum sound levels detected over a given time window, while the latter estimates how much seismic airgun reverberation increases background noise over what would have existed in the absence of such activity. For the continental shelf off the Alaskan North Slope, the RM is derived from wind speed estimates obtained from satellite observations, which are then used to empirically model what wind-driven ambient noise levels would have been at a specific location. These modeled ambient levels are then compared with the MLM to generate the RM. The RM is a conservative measure of the contribution of reverberation to the background noise environment because it only applies to times when reverberation is continuously present. The RM does not apply to situations where reverberation is present, but fades away to ambient levels between airgun shots.
Section II gives details about the data used for this analysis: acoustic recordings obtained in 2008 at a variety of ranges from seismic airgun activities off the North Slope of Alaska. Section III defines the two metrics in detail and discusses the global database used to estimate sea surface wind speeds derived from satellite data. Section IV applies these metrics to the data described in Sec. II producing information about the temporal and spatial distribution of reverberation generated by a seismic airgun survey operating between 2-128 km from acoustic receivers.
II. DATA DESCRIPTION

A. Seismic airgun survey
The reverberation data presented here arose from a seismic airgun survey generated from the M/V Gilavar in the Beaufort Sea in 2008. The Gilavar towed two WesternGeco arrays of Bolt airguns (Ireland et al., 2009) approximately 275 m behind the vessel. Each array consisted of 24 airguns, distributed into three sub-arrays of 1049 in.
3 volume each, for a total volume of 3147 in.
3 operated at an air pressure of 2000 psi. Full airgun operations were preceded by ramp-up procedures, during which marine mammal observers (MMO) visually searched the surrounding area for evidence of marine mammal presence. During standard operation airguns were shot at intervals of 25 m ($9 s) while the vessel traveled at speeds between 4 and 5 knots. The seismic survey vessel usually rastered across a region, moving in a straight line over an area of interest, then making a 180 turn and shooting another line parallel to the previous course. During the process of turning the vessel around, activity is reduced to a mitigation-gun condition, when only one of the airguns remains active at a volume of 30 in.
3
.
B. Passive acoustic data
Between August 11th and October 9th 2008 a network of 40 Directional Autonomous Seafloor Acoustic Recorders (DASARs-C08) (Greene et al., 2004) were deployed offshore in the Alaskan Beaufort Sea, covering a coastal distance of approximately 280 km (174 mi) between the village of Kaktovik in the east and Harrison Bay in the west (Fig. 1 ). DASARs were deployed on the seafloor at depths between 15 and 54 m, and were arranged into five groups, or "sites" labeled 1-5 from west to east. Each site is configured into an extended array of seven DASARs, labeled A-G from south to north, with the instruments placed at the vertices of equilateral triangles of sides 7 km in length. Site 1 had the shallowest mean water depth of all the sites (20.5 m) while site 5 had the deepest (48.9 m). The DASARs recorded continuously at a sampling rate of 1 kHz, and the sensitivity of the omni-directional (pressure) hydrophone was À149 dB re 1 lPa/V, with a highpass frequency response of around 20 dB per decade, in order to pre-whiten the expected ambient noise spectrum. To recover the calibrated time series, the data were passed through a single-pole IIR low-pass filter cascaded with a Butterworth high-pass filter with a 10 Hz cutoff frequency. The low-frequency cutoff was chosen to remove the effects of flow noise, as well as seismic interface and head waves. While IIR filters can be unstable, producing "ringing" in response to a large-amplitude impulsive signal, a review of the calibrated vs un-calibrated data confirmed that the reverberation data reported here are not filtering artifacts. Figure 1 illustrates the track lines of the M/V Gilavar plotted alongside the DASAR locations, revealing two bouts of concentrated survey activity. One bout occurred around site 1 from September 3rd through the 12th, 2008, and the second bout occurred between sites 3 and 4, from September 13th through the 28th, 2008. The analyses that follow incorporate data from the shallowest (A) and deepest (G) DASARs at all sites within those date ranges. Reverberation from other DASARs at intermediate depths at a site generally lay between the levels obtained from the A and G DASARs. The land-based weather station at Prudhoe Bay, marked on Fig. 1 , was used to confirm wind speeds downloaded from satellite scatterometry databases (Zhang et al., 2006) . The closest DASAR to the weather station was 2A.
III. ANALYSIS PROCEDURE
A. Review of fundamental level metrics
The metrics defined in this paper are intended to complement the concepts of sound exposure level (SEL) and root-mean-square (rms) sound pressure level (SPL) of a transient sound, in that they provide additional information not captured by these metrics. However, the metric definitions originate from SEL and SPL, and so their definitions are reviewed here.
The term sound exposure (SE), with units of Pa^2-s, is frequently used as a proxy for energy flux density. Studies of mammalian ears (Young and Wenner, 1970; Yost, 1994; Madsen, 2005) suggest that, for signals of relatively short duration (under 1 s) their perception of loudness is based on both the intensity and the duration of a received signal. However, SE is not a direct measure of the physical energy flux density, because measuring the true energy flux would require an independent measurement of acoustic particle velocity (D'Spain et al., 1991) . Following the definitions from Southall et al. (2007) and Madsen (2005) , the SE of an equalized transient pulse at a given absolute time index i is computed as follows:
where p(t) refers to a band-limited pressure time series, i indicates the time index defined over a period DT i ¼ T i ÀT iÀ1 , and P(f) is the analytic Fourier transform of p(t), with p(t) set to zero outside the time interval defined here. The second equality is a consequence of Parseval's theorem. The third approximate equality shows how the SE is computed from the fast Fourier transform (FFT)P k ð Þ, derived from N samples of a pressure time series discretely sampled F s times per second, such that N ¼ DT i F s . Equation (1) is frequency-dependent as it implicitly assumes the pressure time series p(t) has been bandpass-filtered over a specific frequency range of interest between f 1 and f 2 .
A variant of Eq. (1) subtracts an estimate of the rootmean-square background noise from p 2 (t) in an attempt to estimate the pressure contribution from the transient signal alone, and not the combined transient and background pressure, but when defining the new metrics here, the definition as presented in Eq.
(1) will be used.
The rms sound pressure (SP) is simply the square root of SE divided by DT i and has units of pressure:
The decibel measure of SE, the sound exposure level (SEL), 
B. Minimum level metric (MLM)
This section describes how to obtain a minimum level metric (MLM) from recordings of seismic airgun surveys. The importance of the metric is that it provides a convenient approach for measuring background noise levels that exist between airgun pulses, and thus reverberation effects. In order to generate a MLM from a raw time series, three steps have to be taken, and each step requires a decision concerning the choice of a particular time scale for processing the data.
The first step is to convert the raw time series into a series of overlapping FFTs, from which SE or SP estimates can be derived using Eqs. (1) and (2); however, both equations were originally defined for deterministic impulsive signals that are clearly distinguishable from diffuse background noise within a given time interval DT i . The first decision that arises when attempting to apply these definitions to stochastic signals like seismic airgun reverberation is how long a time period DT i is needed to compute the SE or SP. Stated another way, what FFT length N should be selected to compute these levels? In the absence of a sharply-defined transient pulse, it is difficult to determine how long a time sample is needed to provide a SE or SP estimate of the background noise.
In this paper DT i (and thus the FFT length N) is related to the estimated integration time of the mammalian hearing mechanism of concern; given the lack of such information for various species of interest, including the bowhead whale, this integration time DT i is postulated to be the typical call duration from the species. For example, for a bowhead whale the integration interval would be on the order of 1 to 2 s (Ljungblad et al., 1980; Clark and Johnson, 1984) . Thus a value of DT i of 1.024 s will be used in Sec. IV which translates into a FFT length of 1024 points at a 1 kHz sampling rate. Having chosen the time window, a set of overlapping FFTs are calculated over the entire time series, regardless of whether or not a seismic airgun pulse is present within a particular FFT time window. The FFT snapshots are then converted into a series of SE values using the last equality in Eq. (1).
The second step in computing the MLM is averaging sequential SE or SP estimates over a short time window, in order to reduce the variance of the result. The need for this step arises from the fact that SE or SP estimates derived from a stochastic signal fluctuate over time, even if the underlying statistical distribution of the noise properties (e.g. power spectral density) remains constant.
To achieve this step, one must decide how many FFT snapshots can be averaged to generate a "well-behaved" estimate of the stochastic signal's SE or SP. Thus a second (averaging) timescale must be determined. This new timescale estimates a time window over which certain statistical properties of the noise are assumed to be invariant, or stationary, an assumption that permits the SE or SP estimates generated from data from within that time window to be averaged together. In the signal processing literature, a certain kind of stationary signal is designated wide-sense stationary (WSS) if both the mean and autocorrelation (i.e., the first two moments) of a stochastic signal do not change over the time period in question. Roughly stated, a WSS signal maintains the same underlying power spectrum over time, and thus sequential estimates of SE or SP can be averaged.
Reverberation in an ocean waveguide is time-dependent, in that both its magnitude and spectral content clearly evolve over time as the reverberation fades away. A time window DT WSS can be identified, however, wherein the WSS assumption holds. If DT WSS > DT i, then an integer number N samples of adjacent or overlapping SP or SE estimates can be averaged together, reducing the variance in accordance with Welch's method (Oppenheim, 1999) . Thus, for SE measurements of background noise,
The duration of DT WSS is always less than the interval between airgun pulses, thus ensuring that some values of SE i will have been averaged over a time window that excludes an airgun signal. In Sec. IV A a DT WSS value of 2 s is used. The final step in computing the MLM is determining the minimum value produced by Eq. (3) over a third time window DT min . Completing this step requires a final decision over what timescale the minimum should be sought. Whereas the first two timescales defined relatively short time windows of 1 to 2 s, the DT min window generally must be much longer, encompassing several airgun pulse arrivals. Yet, the third time window cannot be chosen to be so long that it fails to capture gradual changes in the background reverberation caused by changes in source/receiver distance and other aspects of the operation.
Therefore DT min is defined as the time scale over which there are no significant changes in the source/receiver range, orientation, and/or propagation environment. Once DT min is determined, a MLM can be defined using either SE or SP, or equivalently SEL or SPL:
where N min is the number of averaged samples generated by Eq. (3) that lie within the DT min time window. In Sec. IV A a time window of 30 min was estimated to be the interval over which reverberation levels do not change. The units of this MLM are identical to that of a standard SPL or SEL level: dB re 1 lPa for SPL, dB re 1 lPa^2-s for SEL. In summary, deriving a MLM from raw acoustic data requires three steps: generating a series of time-overlapped FFT snapshots of the data, averaging adjacent snapshots together to reduce the estimate's variance, and then selecting the minimum averaged value that occurs over a long-term time window. The three time scales that need to be defined to obtain the metric have been labeled DT i ,DT WSS , and DT min . These values represent: (1) the assumed biologically relevant energy-integration time scale of a species' hearing mechanism, which determines the FFT length used on the data; (2) the time scale over which the noise can be considered wide-sense stationary, which determines how many SE or SP estimates can be appropriately averaged over time; and (3) the time scale over which no significant changes take place in the source-receiver separation and propagation environment, which determines the time window over which to extract the minimum level value. The final result is a timedependent estimate of minimum background noise level that removes any contribution from transient components of the airgun signal, including all modal and substrate arrivals.
C. Reverberation metric (RM)
To convert the MLM into a dimensionless reverberation metric (RM), an independent estimate of baseline ambient sound levels must be made in the absence of seismic airgun survey activity. The dB values of these estimates are then subtracted from the dB values of the MLM to generate the RM, with an interpretation analogous to that of signal-tonoise ratio (SNR). For example, a value of 0 dB or less for the RM would indicate that the reverberation from an airgun shot decays to natural ambient levels before the next shot occurs.
Unfortunately, no universal procedure for estimating or modeling ambient noise can be recommended, because the sources of ambient noise are highly dependent on a particular location and season. Three possible methods can be suggested, all of which require assumptions behind the ambient noise mechanisms. The first method is to simply assume that the MLM values measured before the onset of a particular anthropogenic activity would have remained at that level during the activity (temporal consistency). The second method is to measure the MLM simultaneously at two locations: one close to the anthropogenic activity, and one so distant that contributions from that activity are assumed negligible (spatial consistency). The final method assumes that the MLM can be accurately modeled using independent measurements of other environmental parameters, such as wind, rainfall, tides, levels of shipping activity, etc. (environmental consistency). The results in Sec. IV C use this third method, because empirical measurements of ambient noise in this open-water Arctic environment correlate well with local surface wind speed measurements. Winds agitate the ocean surface, creating waves, bubbles, and other physical processes that dominate the acoustic noise environment. Noise from shipping is negligible in this region. These assumptions are consistent with previous ambient noise observations in the region (Ireland et al., 2009; Wenz, 1962; Fig. 2.7 of Blackwell et al., 2006) . The wind speeds for this work were obtained from the online NOAA Blended Sea Winds database (Zhang et al., 2006) , which combines scatterometer observations from multiple satellites to produce a set of global gridded wind speeds, averaged in 6 h increments and gridded with 0.25 spatial resolution in latitude and longitude. For every time increment, the wind speed values of the four grid-points closest to a given DASAR location were spatially averaged to produce a best-estimate of the wind speed at the DASAR location at that time. The dB values of the MLM were then averaged over 6 h increments (i.e., the ambient noise values are geometrically averaged) to produce a time series with the same sampling interval as the spatially averaged blended wind data. Finally, the correlation coefficient was computed between the MLM and the spatially averaged wind data, using relative time offsets of 0, 6, and 12 h, where the MLM was delayed from the wind. Periods when seismic airgun survey activities were occurring in close proximity were rejected from the regressions. The time offset that produced the best correlation was then used to compute a set of linear regressions between the blended database wind speeds and MLM, a process discussed in more detail in Sec. IV C. The dB levels of the resulting modeled ambient noise levels are then subtracted from the MLM derived for all times, including times of seismic airgun survey activity, generating the RM.
IV. RESULTS
A. Reverberation examples
Figure 2 presents representative calibrated spectrograms of seismic airgun survey impulses generated by the Gilavar in 2008, as recorded by DASARs at sites 1 and 4. All spectrograms are computed using a 256-point FFT with 75% overlap. Figures 2(a) and 2(b) show spectrograms of seismic impulses recorded at DASAR 1A, the shallowest DASAR at site 1, on September 9th at ranges of 18.5 and 6.5 km, respectively. Figure 2 (a) illustrates a 60 s portion of the mitigation-gun procedure that occurs as the vessel reverses course between transects, during which only one gun fires at a volume of 30 in.
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. Subplot 2(b) illustrates the received signal from the full airgun array firing 24 guns (for a total volume of 3147 in.
) at a range of 6.5 km, with pulses generated at approximately 9 s intervals. Finally, Fig. 2 (c) displays a 60 s-long spectrogram of airgun pulses from the full airgun array, but recorded at the deepest DASAR of Site 4 (DASAR 4G) at a range of 17.5 km on September 25th. These spectrograms demonstrate how different source ranges affect the modal airgun arrivals. The exact nature of reverberation is highly site dependent; one can see that the power spectral density from reverberation varies from site to site, even when the same airgun source is used.
Figures 2(b) and 2(c) also show head wave arrivals from the substrate (Frisk, 1994) , visible below 50 Hz.
B. Minimum level metric (MLM) estimates
Figures 3-8 display the MLM [Eq. (5)] derived for all 30-min samples of the dataset, including periods with seismic activity. To compute this metric, a series of fast Fourier transforms (FFTs) were computed, using 1024-point snapshot sizes, with 50% overlap between subsequent snapshots. A 1024-point FFT corresponds to an energy integration time DT i of 1.024 s, the rough mean duration of an average bowhead whale call. The time scale DT WSS was selected to be 2 s, and DT min was chosen to be 1800 s, or 30 min. DT WSS is less than the interval between seismic airgun shots (about 9 s), thus guaranteeing that some outputs of this operation will not be contaminated by energy from the direct shots visible in Fig. 2 . Figure 3 (a)-3(d) shows the broadband (10-450 Hz) MLM in units of SPL, for the shallowest (A) and deepest (G) DASARs at sites 1 and 4. It is worth re-emphasizing that Fig. 3 and subsequent figures do not display any properties of the dispersed airgun pulse arrivals; instead, they quantify the reverberation that persists between airgun pulse arrivals. Note that the time scales in Fig. 3 cover the entire deployment period, not just times when local seismic airgun surveys are present.
The long-term broadband MLM results, shown in Fig. 3 , are influenced by changes in ambient noise levels, as well as the presence of reverberation from anthropogenic sources. Substantial changes in the broadband natural ambient levels can be observed, varying by over 30 dB, but tend to occur over relatively long time scales (e.g., over the course of a day), as seen between September 14th and 19th in Figs. 3(a) and 3(b). By contrast, seismic airgun surveys produce relatively rapid fluctuations ("comb patterns") in background levels over timescales of only a few hours, as the ship constantly varies its distance to a given DASAR while rastering across the site. This rapid variation is emphasized by the fact that the vessel reduces the number of airguns firing while it is turning around, allowing background levels to briefly return to ambient baselines, before the survey activates the full airgun array again. MLM levels at site 4 can vary by up to 30 dB, as can be seen between September 20th and 28th [Figs. 3(c) and 3(d)], as the vessel transits between the furthest and closet ranges relative to the DASAR. Figure 4 displays the same metric as in Fig. 3 , but computed for DASAR 1A only, over four 100-Hz frequency bands: 10-110, 110-210, 260-360, and 360-460 Hz. The same periods of seismic airgun activity seen in Fig. 3 can be recognized here due to the distinctive "comb pattern." During these times, MLM values are greatest at frequencies above 260 Hz [ Fig. 4(b) ], regardless of vessel range and orientation to the receiver, indicating that the spectral composition of this reverberation is strongly dependent on local propagation conditions, Figure 7 shows the MLM during the week of September 6th-14th, when the survey operated at site 1, while Fig. 8 shows the corresponding levels between September 20th and 28th, when the survey operated between sites 3 and 4. Generally, when the seismic airgun survey occurred between September 3rd and 12th in close proximity to site 1, MLM levels were more intense at the shallower DASARs, when compared to the deeper DASARs (Fig. 7) . The opposite is true when the seismic airgun survey operated between sites 3 and 4: received levels of the MLM were higher at the deeper DASARs compared to the shallower DASARs (Fig. 8) . 
C. Reverberation metric (RM) estimates
As mentioned in Sec. II, the RM for this location is estimated by first empirically modeling the ambient noise using remotely-sensed wind speeds [e.g., Fig. 2 .7 in (Blackwell et al., 2006) ]. Figure 9 illustrates the process for one particular frequency band using DASAR 2A, the shallowest DASAR (21 m depth) at site 2. and time offset between the wind and noise data. This matrix was used to determine the optimal time offset to apply to the regression model, which was þ 6 h, since at that time delay, the correlation coefficient is greatest for all frequency bands. Between 60 and 160 Hz the wind speed and MLM are highly correlated (R 2 correlation ¼ 0.8621) with a 6 h time lag. Figure  9 (c) shows that this correlation diminishes slightly at higher frequency ranges (i.e., R 2 correlation ¼ 0.7880 at 360-460 Hz). Figure 9 (d) plots the MLM between 60 and 160 Hz vs wind speed at the best time offset of þ 6 h, or where the MLM is advanced 6 h with respect to the wind times. This regression is re-computed for a total of eight 100-Hz frequency bands between 10 and 460 Hz.
Visual inspections of all the correlation plots across the DASARs suggested natural break points for three separate linear regressions that could be applied over three distinct regimes of wind speed: winds under 5 m/s [B 1 ], winds between 5-10 m/s [B 2 ], and winds exceeding 10 m/s [B 3 ]. Figure 9(d) shows the optimal linear regressions, although the third regression may not be valid as the number of data points available is small. A standardized Student's T test (Zar, 1984) was performed to establish the probability that such a fit would occur from a cloud of uncorrelated points. The resulting P values obtained from Fig. 9(d) are on the order of 8.8eÀ05, reflecting the low likelihood that the two variables are uncorrelated. Figure 10 (a) plots the two-dimensional MLM at DASAR 2A [ Fig. 5(b) ]. Figure 10 (b) presents the modeled noise levels derived from applying the regression equations performed at each one of the eight frequency bands, like the one illustrated in Fig. 9(d) , to the wind record in Fig. 9(b) . In effect, remotely-sensed satellite data have been used to predict the temporal and spectral levels of the MLM [ Fig.   10(b) ]. The results of subtracting in dB-space (effectively, dividing) these modeled ambient noise levels from the MLM [ Fig. 10(a) ] creates Fig. 10(c) , the RM, with units of dB SNR. Over this time period there was no detectable seismic airgun activity, so ideally, if wind alone explained ambient noise levels, the value of the metric should be 0 dB across all times and frequency ranges. The scatter of the points around the linear fit in Fig. 9(d) , however, ensures that the RM will be nonzero even at times of no activity. The distribution of these non-zero fluctuations does not display a regular temporal pattern.
Finally, Fig. 11 shows the RM estimates for the same locations and time intervals shown in Fig. 8 , computed for the shallowest and deepest DASAR at each of the five sites. The time scale covers September 20th-28th, 2008, a time of heavy seismic airgun survey activity occurring close to sites 3 and 4. The seismic airgun survey leaves distinctive, temporally regular signatures at DASARs in close proximity to the seismic airgun activity [e.g., Fig. 11 (f) and 11(h)]. Figure 11 demonstrates the efficacy of the RM in quantifying the effects of seismic airgun reverberation on background noise in a shallow-water environment.
V. DISCUSSION
A. Minimum level metric (MLM) observations
The broadband MLM values in Fig. 3 indicate that the seismic airgun surveys generated sustained broadband changes in background noise levels while the survey took place. Two periods of substantial seismic airgun activity can be identified at sites 1 and 4 from the temporal pattern alone. In general, for DASARs within 10 km of the seismic airgun activities, the highest MLM values generated by the reverberation matched or exceeded the MLM values attained during periods when seismic activity was absent. As expected, reverberation effects are greatest at DASARs closest to the activities; the shallowest DASAR at site 1 [ Fig.  3(a) ] and the deepest DASAR at site 4 [ Fig. 3(d) ].
Figures 5-8, which present the frequency and time dependence of the MLM at all five sites, reinforce these observations. Reverberation effects from airgun shots are again clearly recognizable, due to the "comb-like" pattern apparent in the MLM, which occurs because the seismic vessel rasters away and toward the recorder. For example, Figs. 8(f) and 8(h), centered on September 24th, demonstrate that MLM levels are high at site 4 when they are low at site 3, coinciding with the vessel traveling from site 3 toward site 4, and vice versa. Wind-driven changes in the MLM arising from changes in the ambient noise are seen to occur over longer time scales and over wider geographic areas, being recorded at multiple DASARs (e.g., the surge in ambient noise on September 9th in Fig. 7 ).
Airgun shots fired between sites 3 and 4, occurring between September 20th and 28th, produced the overall highest reverberation detected throughout the two-month period [Figs. 6(c), 6(d) and 8(f) and 8(h)]. Reverberation from this airgun activity can be observed on sites 4, 3 (up to 85 km away), and even at site 5 (93 km away) and site 2 (128 km away). The earlier seismic airgun survey between September 3rd and 12th had much weaker impacts on background noise levels beyond site 1, only influencing the deeper waters of site 2 (62 km away). Just as changes in water depth and/or bottom composition generate different reverberation effects (Fig. 2) , these factors might also explain why reverberation decreases more rapidly with range at site 1, the shallowest of all the sites. As seen in Fig. 2(b) , reverberation effects generated by the survey at site 1 had higher frequency content, relative to the later survey between sites 3 and 4 [ Fig. 2(c) ]. Since higher frequencies experience relatively greater propagation loss with range at shallow water depths between 25 and 50 m, it is not Hz, although the quality of the reverberation-wind correlation coefficient degrades with increasing frequency. The reverberation measurement times must be delayed 6 h with respect to the wind times to achieve the best correlation. These conclusions were verified by repeating the analysis using hourly wind data measurements from the Prudhoe Bay land-based weather station shown in Fig. 1 . That analysis also found a high correlation between the MLM and wind speed and required a relative time delay of seven hours to maximize the correlation. The implication of these time shifts is that it takes ocean ambient noise levels about 6-7 h to respond to a change in wind speed.
A 6 h time shift was selected for regression analysis between the MLM and database wind speeds, and Fig. 9(d) shows an example of the set of linear regressions at one of the eight frequency ranges (60-160 Hz). Once all regression equations were computed for the corresponding eight frequency bands at every DASAR, all of them at a delay of 6 h, the MLM across all DASARs was modeled using the appropriate local wind time series. Figure 10(b) shows how the piecewise linear regressions capture much of the variability in the natural fluctuations of the MLM at site 2A [ Fig.  10(a) ], and thus the difference between the recorded and modeled MLM (i.e., the RM) suppresses large-scale natural ambient noise fluctuations [ Fig. 10(c) ]. Occasionally, short periods exist when local wind data were not available. These data "dropouts" result in blank regions, as occurs on September 9th in Figs. 10(b), 10(c) . The fact that wind is the most significant contributor to ambient noise levels below 500 Hz is unusual; in most oceans, distant shipping noise dominates this band (Wenz, 1962) . The absence of shipping noise in the low-frequency band of the Arctic acoustic environment may currently represent the closest oceanic scenario to preindustrial ambient noise conditions. When the RM is computed at all sites (Fig. 11 ), using specific regressions computed at each DASAR with satellitederived wind speeds, the relative changes in the ambient noise levels due to patterns of airgun reverberation become clearly visible, e.g., at sites 2, 3, and 4, particularly in the deepest (northern) DASARs, at depths between 30 and 50 m [Figs. 11(d) , 11(f), and 11(h)]. Thus, seismic airgun reverberation can produce measureable effects at distances of up to 128 km. Specifically, Fig. 11 indicates that at water depths of 50 m or less, seismic airgun activity within 1 km of a DASAR can increase noise levels by 30-45 dB over ambient levels (deep DASARs at sites 3 and 4), by 10-25 dB within 15 km range of the survey (shallow DASARs at sites 3 and 4), and by a few dB at ranges out to 128 km (site 2).
VI. CONCLUSION
Two metrics have been defined for characterizing reverberation from seismic airgun surveys in shallow water, which can complement standard metrics that focus on the coherent airgun pulse arrivals, such as the SPL and SEL. The minimum level metric (MLM) captures the minimum background sound level detected over a fixed time window, thus allowing it to capture long-term changes in background noise that arise between airgun pulses, while rejecting effects from dispersed modal and substrate transient arrivals. To compute the MLM three time-scale parameters were selected: a time over which to generate a single estimate of SE or SP, a time over which it is permissible to average sequential SE or SP estimates to reduce their variance, and a time over which the minimum value is selected. The MLM was applied to airgun signals recorded between 15 and 54 m depth in the Arctic Beaufort Sea in 2008. The resulting MLM shows that the spectral composition of reverberation is heavily dependent on receiving location, particularly water depth.
A second dimensionless metric, the reverberation metric (RM), can be derived from the MLM in various ways; in the results presented here, wind measurements were found to be highly correlated with the MLM over most frequency bands in the absence of seismic airgun activity. Thus the ambient noise field was empirically modeled from satellite-derived wind speed estimates, and the dB levels of the models were subtracted from the MLM, yielding the RM. A RM of 0 dB would indicate that anthropogenic contributions to background levels are less than or equal to ambient contributions from other mechanisms. The RM indicates that the Gilavar shallow-water seismic airgun survey that took place between September 13th and 28th increased background noise levels by 30-45 dB over ambient levels within 1 km range of the survey, by 10-25 dB within 15 km range of the survey, and produced detectable modifications to background noise levels out to 128 km.
These results suggest that the range at which towed arrays or other PAM techniques would be effective for detecting the presence of marine mammal vocalizations within a few km of shallow-water seismic airgun surveys would be significantly reduced. This is because there is no time period between airgun shots when reverberation does not mask one's ability to detect and recognize calls. The results here also suggest a potential for intraspecific communication masking, as defined in Clark et al. (2009) , as a result of seismic airgun array activities.
These metrics provide a conservative, lower bound on reverberation levels, because reverberations that do not persist over the entire period between airgun shots are not included in the two metrics presented here. Equations (4) and (5) could be expanded to select not just minimum levels detected, but 25 and 50 percentile levels extracted from histograms of SEL and SPL derived from Eq. (3). This approach would permit detection and characterization of reverberation that exists for only a portion of time between impulses.
While percentile levels would add additional information about reverberation effects, the MLM defined here is convenient to compute, easy to understand and makes minimal biological assumptions about a particular species. Furthermore it could easily be incorporated into standard source level verification measurements of seismic airgun and other impulsive anthropogenic activities in shallow water. By these considerations, the potential communication masking effects of seismic airgun surveys on particular species of interest could be quantified. The inclusion of these metrics in monitoring and mitigation reports would also provide regulators with valuable insight into the expected efficacy of PAM and guide management strategies as relative to seismic surveys according to site-specific features of the environment.
